This research was carried out to investigate the addition of grafted copolymers of maleic anhydride grafted-polylactic acid (PLAg-MA) and maleic anhydride grafted-natural rubber (NR-g-MA) on the mechanical and thermal properties of polylactic acid/ liquid natural rubber (PLA/LNR) blends. Prior to blend preparation, the PLA-g-MA and NR-g-MA were the first selfsynthesized by mixing maleic anhydride (MA) and dicumyl peroxide (DCP) which acted as initiator with the PLA and natural rubber (NR), respectively. The PLA/LNR, PLA/LNR/PLA-g-MA and PLA/LNR/NR-g-MA blends were prepared via meltblending method. The loading of PLA-g-MA and NR-g-MA was varied between 5, 10 and 15%, respectively. By comparing to the control sample (neat PLA/LNR blend), the addition of PLA-g-MA with 5 and 10% led to increment in tensile strength up to 22 MPa, whereas NR-g-MA promoted a negative trend of tensile properties to the blends. Differential scanning calorimetry (DSC) and thermogravimetry analysis (TGA) results showed the enhanced thermal stability for PLA/LNR/PLA-g-MA blend. Fourier transform infrared (FTIR) analysis confirmed the chemical interaction between the PLA and NR components where the grafted copolymers were successfully grafted onto PLA backbone and bonded with NR.
Introduction
Polymer blending is well known as an effective method for improving nature physical properties of one or both individual components. Unfortunately, polymer blends are mostly not miscible. To solve this immiscibility issue, the utilization of coupling agent or compatibilizer is required to improve the interfacial adhesion between the inherently immiscible polymeric components, which subsequently increasing the mechanical and other properties of blends. For instance, previous study reported that the incorporation of ethylene-glycidyl methacrylate (E-GMA) as compatibilizer had improved the compatibility of the recycled high-density polyethylene/polyethylene terephthalate (HDPE/PET) blend which subsequently resulted in the increase of mechanical properties [1] . The improvement of polymer blending properties can be achieved by the addition of toughening agent like co-polymer block and liquid natural rubber (LNR) [2] . LNR has been synthesized via a photodegradation method by cutting natural rubber (NR) into small cubes prior to mixing in the solution containing toluene solvent, methylene blue, rose Bengal and methanol. LNR was formed after the exposure under ultraviolet for approximately 12-20 days [3] . The addition of LNR has successfully increased the mechanical properties such as tensile and impact strength in polymer blends and composites [2, 3] .
In order to obtain better adhesion between the blending components, some modification are required [4] . One of the cheapest and simplest methods is by using the self-synthesized compatibilizer. The synthesis of compatibilizer usually involves a free radical grafting polymerization in which the monomers are often grafted onto polar polymer backbones. Maleic anhydride (MA) was selected as the main functional group for compatibilizing/coupling agent and the maleic copolymers have been extensively used for grafting onto the binary immiscible polymer blends in the previous research works [5, 6] . By adding the MA, the properties and interfacial adhesion of the blends were enhanced [7] . As reported by Orozco and his coworkers, the blending of PLA grafted with starch led to the better interaction as compared to the blend without the addition of MA as compatibilizer [5] . Besides, the incorporation of NR-g-MA promoted compatibilization for various blends and composites such as natural rubber/short nylon fiber composites and acrylonitrile-butadiene copolymer (NBR) [8, 9] , thereby has resulted in the increase of modulus and tensile strength. Rui and his coworkers also reported that the incorporation of grafted MA compatibilizer gave better tensile property and improved interfacial adhesion of PLA/soy protein concentrate (SPC) composites [10] .
Numerous published research works have been reported on the use of PLA or PLA/LNR as the matrix in the composites, such as PLA/PP blends [11] , PLA/LNR/NiZn ferrite [12] , and etc. Nevertheless, the shortcomings of these matrices should be highlighted which are the brittleness of PLA but the toughening effect on PLA can be imparted by LNR (PLA/LNR). However, the PLA/LNR somehow showed the incompatibility problem which thereby restricting the properties. In this aspect, the modification of PLA/LNR matrix is required. The aim of this research was to investigate the effect of adding different types of self-synthesized compatibilizers (PLA-g-MA or NR-g-MA) into the PLA/LNR blends and the compatibilizer loadings on the mechanical, thermal and chemical properties of the blends.
Materials and Methods Materials
Polylactic acid (PLA) was purchased from Nature Works LLC, UNIC Technology (SUZHOU) LTD with average molecular weight 5.5 x 10 4 g/mol, relative viscosity of 2.5, melt flow index of 35 g/10min and melting point of 160-170 o C . SMR-L grade natural rubber (NR) with molecular weight 2.5 x 10 6 g/mol was obtained from Malaysian Rubber Board (MRB). Maleic Anhydride (MA) with 99% purity, molecular weight of 98.06 g/mol and dicumyl peroxide (DCP) were purchased from Aldrich Chemistry company.
Preparation of liquid natural rubber
The liquid natural rubber (LNR) was synthesized using photochemical degradation or an oxidation technique of NR [13] . About 1.5 kg of NR were cut into small pieces and soaked in 60 cm 3 glass flask that filled with approximately 4000 ml of toluene for 24 hours. After that, 0.3 g of methylene blue, 0.39 g of rose Bengal and 15 ml of methanol were added to the mixture. The mixture was stirred continuously by a mechanical stirrer at 10 rpm under the exposure to visible light for 10 days.
Preparation of maleic anhydride grafted -polylactic acid and -natural rubber
Before use, PLA pellets were dried for 24 hours at 60 o C in an oven to eliminate the moisture. The DCP was used asan initiator. The composition of MA and DCP was fixed at 3.6 and 9 phr, respectively [4, 14] . The grafting of MA onto PLA was carried out by using the internal mixer. Firstly, PLA pellets were fed into internal mixer until it was fully melted before adding DCP. For the next 3 min, MA was added and left for 15 min. The temperature of internal mixer was set at 190 o C and the screw speed was set at 80 rpm. The obtained grafted copolymers were then cut into small pieces to be used in the blending with PLA and LNR.
Blending preparation
In the presence and absence of compatibilizer, PLA/LNR blends were prepared using an internal mixer (Haake Rheomix 600P) with a processing mixing temperature at 190 ºC, a rotor speed of 80 rpm and mixing time of 15 min. The PLA/LNR was fixed at the ratio of 90:10 (wt:wt), whereas PLA-g-MA and NR-g-MA were added at 5, 10 and 15%, respectively. PLA was first placed into the mixer and allowed to melt for about 4 minutes, followed by the introduction of LNR which took another 3 minutes. Finally, the grafted copolymers were added into the mixing and it was completed in 15 minutes. After blending process, the samples were prepared via compression moulding using a hot press machine (LABTECH Engineering Company LTD) under pressure 6.9 MPa at 190 °C. A 3 mm dumb bell shape mould was used for moulding process. The periods for compression moulding were set as 4 minutes for pre-heating and venting process, 5 minutes for full pressing and 3 minutes for cool pressing .
Characterization
The tensile test of the samples was conducted using tensile machine (model Testometric M500-50CT) with 10 kN load cell at a crosshead speed of 5 mm/min according the standard ASTM D638-03. At least five samples were tested for each composition. The thermal tests were carried out using Thermogravimetric Analyzer (model Shimadzu DSC-60 Plus Series) and Differential Scanning Calorimetry (model Shimadzu DTG-60). A chemical analysis was conducted by using FTIR-Near infrared instrument (model Perkin Elmer Spectrum 400 FT-IR). The samples were scanned from 650 to 4000 cm -1 . Figure 1 shows the effect of PLA-g-MA loading on the (a) tensile strength and (b) Youngs modulus of the blends. By adding 5% of PLA-g-MA, it showed a slight increment in tensile strength, which increased about 2%. The optimum tensile strength was achieved at 10% PLA-g-MA (~22 MPa), which increased by approximately 15%. The great improvement in the blend properties suggests that the presence of PLA-g-MA has promoted a better compatibility and stronger adhesion between the PLA and LNR components and thus promoting a more homogeneous blend. As the loading of PLA-g-MA increased up to 15%, the tensile strength showed a significant reduction. The reduction in tensile properties was due to the less uniform and weak adhesion of the components in the blends. For NR-g-MA, the tensile strength showed a gradual reduction upon the increase of NR-g-MA loading from 5 to 15%. The reduction could be due to rubbery nature of NR [15] .
Results and Discussion Tensile properties
On the other hand, the presence of PLA-g-MA resulted in a lower Young's modulus value, which decreased about 12% than that of PLA/LNR blend (Figure 1(b) ). This reduction in Young's modulus was expected and the similar trends have been reported in the previous studies [1, 16] . For both compatibilizers at the loadings of 10 and 15%, the Young's Modulus of both blends was found to be constant as the compatibilizer achieved the optimum loading at 10%. Therefore, it was believed that the ability to withstand the tension has achieved the same level since the compatibilizer was saturated along the interface area in the blends at 15%.
For the elongation at break shown in Figure 1(c) , the addition of compatibilizer did not provide positive effect on PLA/LNR blends, as observed by the lower values than that of PLA/LNR, irrespective to the compatibilizer types. The reduction in elongation at break implies the increased brittleness of the blends. By comparing the effectiveness of PLA-g-MA and NR-g-MA, the earlier compatibilizer with 10% (optimum loading) was shown to be more suitable than the latter one. Figure 2 shows TGA results of PLA/LNR, PLA/LNR/10% PLA-g-MA and PLA/LNR/5% NR-g-MA blends. It can be seen that the TGA curves of the PLA/LNR samples containing compatibilizers delayed the degradation process as compared to that of PLA/LNR without compatibilizer, as shown in inset image over the temperature of 180 -330 ºC where the weight loss of PLA/LNR occurred before the PLA/LNR/compatibilizer samples. At fixed temperature of about 280 ºC, PLA/LNR exhibited a greater amount of weight loss than those containing compatibilizer, irrespective of the compatibilizer types. This implies that the thermal stability of the blends incorporated with the compatibilizer was improved. These results are in the agreement with the previous studies [15] . Upon heating to the temperature of 400 ºC, the decomposition of PLA/LNR was almost completed with only approximately 0.26% of residues. The PLA/LNR with compatibilizers, especially NR-g-MA exhibited lesser residues than that of neat PLA/LNR. This was attributed to the greater interaction of the compatibilizer with the matrix, which giving a less carbon residue [15] . Figure 3 shows the DSC curves of the blends which consist of glass transition temperature (T g ), crystallization temperature (T c ) and melting temperature (T m ). The first endothermic peak at around 50 -60 ºC indicated T g , T c was at 85 ºC and T m took place at around 168 ºC. As can be seen from the curves, PLA/LNR blend exhibited T g at around 58 ºC, whereas the incorporation of compatibilizer into the blends slightly shifted the curve to the right. For the T c , it was shown at approximately 85 ºC for PLA/LNR. By incorporating PLA-g-MA, the T c of the blends shifted to the right with a slight increment by approximately 3 ºC. However, NR-g-MA showed a similar peak with the PLA/LNR. These changes in PLA-g-MA indicate that the incorporation of compatibilizer increased the thermal stability of the blends. Meanwhile, the T m peak showed a tiny right shift for the compatibilized blend. These phenomena imply that a positive effect on the thermal stability has been induced by the incorporation of compatibilizer into the PLA/LNR blend, and higher effectiveness was achieved by PLA-g-MA. This is attributed to which the grafted copolymers may prohibit the crystal formation and delay the T c [6] . bond. For comparison, the addition of compatibilizer into PLA/LNR exhibits similar spectrum with that of the neat PLA/LNR. By adding the compatibilizer (PLA-g-MA and NR-g-MA) and toughening agent (LNR), a higher intensity of the peak can be observed as compared with PLA itself, exception for the absorption band of 1500-1650 cm -1 , 2800-3000 cm -1 , 3316 cm -1 . For the blends with PLA-g-MA and NR-g-MA compatibilizer, peak at 1755 cm -1 had a more intense absorption band as compared to neat PLA and this indicates that the reaction was taken place between MA and PLA backbone [14] . Several peaks at 1579, 1645 and 3316 cm -1 which assigned for stretching of PLA were invisible in the spectra of compatibilized blends, and this indicates the chemical reaction occurred between the PLA and grafted MA group. Another small shoulder peak emerged at 1277 cm -1 which corresponds to the C=O stretching of carbonyl group of PLA in the PLA-g-MA spectrum. Since the amount of MA used in the blends was relatively small, the C=O stretching of MA or anhydride peak was very weak and may overlap with the carbonyl band of PLA [5] . 
Differential scanning calorimetry analysis

Conclusion
The tensile test showed that the PLA-g-MA was more suitable to be a compatibilizer for PLA/LNR blend as compared to NR-g-MA, and the optimum loading of PLA-g-MA was 10% PLA-g-MA. The addition of 10% PLAg-MA into PLA/LNR blend promoted the tensile strength from the PLA/LNR which acted as the control sample. In TGA and DSC, the incorporation of PLA-g-MA into PLA/LNR blends delayed the T g and degradation temperature, hence, the thermal stability of the blend was increased. From FTIR analysis, the difference in the spectra between PLA/LNR and compatibilized PLA/LNR blend showed that MA was successfully grafted to PLA backbone.
